. Reflection high-energy electron diffraction oscillation characteristics of a layer-bylayer growth mode were observed for stoichiometric and Ti-rich films and the laser fluence suited to deposit stoichiometric films was identified to be 1.25 J/cm 2 independent of the La content. The variety of resulting film compositions follows the general trend of Eu-enrichment for low laser and Ti-enrichment for high laser fluence. X-ray diffraction confirms that all the films are compressively strained with a general trend of an increase of c-axis elongation for non-stoichiometric films. The surfaces of non-stoichiometric films have an increased roughness, the highest sheet resistances, exhibit the presence of islands, and are Eu 3+ rich for films deposited at low laser fluence.
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[http://dx.doi.org/10.1063/1.4831856] Transition metal perovskite oxides ABO 3 show a variety of properties which highly depend on the oxygen as well as on the cation content. The wide band-gap insulator (3.2 eV) SrTiO 3 (STO) and the smaller band-gap black-colored insulator (1 eV) EuTiO 3 (ETO) show, for example, metal-to-insulator transitions, anomalous Hall behavior 1 and high thermopower 2, 3 when slightly doped on cationic sites or with oxygen vacancies. These properties are highly bound to the growth control of films 3 /single crystals with variable doping concentrations and stoichiometry control for metal-to-insulator transitions arising through valence change and/or band-gap closure 4 mechanisms. STO is known for its high electron mobility 5 with a potential for future oxide electronics and the control of the stoichiometry in ultrathin films is an important factor. Thus, recent advances in pulsed laser deposition (PLD) and molecular beam epitaxy techniques resulted in extended investigations especially with respect to the impact of oxygen partial pressure p(O 2 ), 6 laser fluence, 7, 8 etc., on the electric transport of the STO films and interfaces. ETO is another candidate for oxide electronics being isostructural to STO and additionally to its structure similarities, very peculiar electromagnetic coupling properties have been the topic of recent years.
In EuTiO 3 the knowledge about sample preparation parameters and stoichiometry is crucial for realization of magnetocoupling in the material, as local symmetry breaks creating ferroelectric domains. [9] [10] [11] 18 La 3+ doping in ETO transforms the perovskite into more conducting one. We reveal deposition scenarios for the growth of disordered films which are independent of rather small La chemical doping. These scenarios are very similar to the STO grown in O 2 as a background atmosphere as a function of laser fluence.
Undoped and La (3, 5 at.%)-doped ETO thin films were deposited on (LaAlO 3 ) 0.3 -(Sr 2 AlTaO 6 ) 0.7 (LSAT) [001] substrates by means of PLD. The ceramic targets used for PLD were synthesized by solid-state reactions of Eu 2 O 3 (99.9% purity, Sigma-Aldrich; dried before weighing), TiO 2 (99.9+%, Sigma-Aldrich), and La 2 O 3 (99.99%, Alfa Aesar; dried before weighing) powders. Appropriate amounts of the reactants were thoroughly mixed together using a ball mill. The powder mixtures were then calcined two times -with intermediate grinding -at 1000
• C for 24 h under a flowing gas of Ar(96%)/H 2 (4%). In this way, single-phase materials were synthesized as could be shown by X-ray diffraction. Afterwards, the resulting materials were ground again, pressed into pellets and sintered at 1400
• C for 8 h in Ar(96%)/H 2 (4%) to obtain high-density targets. Following established high temperature annealing procedures in order to create TiO 2 terminated LSAT, 19, 20 the as received LSAT substrates (Crystec GmbH) with a vicinal angle of 0.1
• were annealed at 950
• C for 4 h in air and cooled down in a natural way prior to deposition in order to create a regular terrace structure with a typical terrace width of 200 nm. A KrF excimer laser was used to ablate the targets in order to grow a series of thin films using the parameters/settings that are listed Table I . The film growth was monitored by reflection high-energy electron diffraction (RHEED) measurements. After growth, the films were quenched by switching off the laser heater to room temperature in deposition atmosphere.
X-ray photoelectron spectroscopy (XPS) analysis was performed with a PHI 5000 Versa Probe using monochromatic Al-K α radiation. To determine the composition of the ETO thin films, the Eu 4d, Ti 2p, and O 1s spectral lines were recorded and the collected data were evaluated using the PHI MultiPak 9.3 software. The electron take-off angle was set to 45
• and the analyzer was operated in the constant pass energy mode for all measurements. The analyzer pass energy was set to 46.95 eV with a step size of 0.2 eV. The C 1s signal position at a binding energy of 284.8 eV was used for reference. Atomic force microscopy was applied in the tapping mode to investigate the surface morphology of the substrates and films. The sheet resistances (300 K) and Hall mobilities (300 K) were measured using van der Pauw technique on Physical Properties Measurement System (PPMS) QD. Annealed LSAT vicinal substrates (0.1 • ) exhibit the typical reciprocal space RHEED pattern (not shown) as observed for smooth surfaces of the cubic perovskite STO with characteristic spots being located on the Laue circle. Fig. 1(a) represents the typical final RHEED pattern along the [100] azimuth for films deposited at 0.8 J/cm 2 laser fluence with characteristic cubic pattern corresponding to reciprocal space of 3D-cubic perovskite structure indicating a 3D growth mode. The intensity of the specular spot, Fig. 1(b) , shows oscillations which in the best cases damp out after the deposition of roughly two unit cells (normally, no oscillations are observed) indicating a final 3D growth mode. Fig. 1(c) represents the typical RHEED pattern along the [100] azimuth for films deposited at a laser fluence of 1.25 J/cm 2 which was acquired at the end of deposition. The pattern shows the same characteristic as that of the surface of as prepared LSAT substrates with present 1/2 order reconstruction indicated by blue arrows as found on SrTiO 3 . 21 The RHEED intensity of the specular spot, Fig. 1(d) , shows characteristic oscillations and a magnitude increase indicating a 2D layer-by-layer growth mode. the specular spot, Fig. 1(f) , show characteristic oscillations and a magnitude increase confirming layer-by-layer growth mode. However, time between the peaks changes its periodicity corresponding to "unstable" growth due to stoichiometry variations as will be shown later in the text. We have to stress that independently of the La content of the ETO films, the deposition at low laser fluences was ruled by a 3D growth mode of the cubic-type perovskite resulting in films with rough surfaces. However, at higher laser fluences a 2D layer-by-layer growth mode was established with characteristic oscillations corresponding to 1 unit cell of the perovskite structure, see Figs. 1(d) and 1(f).
Photoelectron spectroscopy was used to determine the film composition and the chemical state of the constituting elements. Fig. 2(a) represents the cation concentration ratio Eu/Ti of as-prepared films as a function of the laser fluence during deposition. As a reference for the ratio Eu/Ti = 1, additional XPS measurements were performed on the cleaved surface of a ETO single crystal. From the results it can be concluded that Eu-rich films are formed when a low laser fluence is used during the deposition whereas Ti-rich films are formed at high laser fluences. Similar dependencies of the cation ratio Sr/Ti on laser fluence were found for STO thin films deposited by means of PLD. 19, 22 Fig . 2(b) represents the Eu 4d XPS spectra measured on films deposited at a laser fluence of 0.8 J/cm 2 and 1.25 J/cm 2 . The spectra measured on films deposited at a laser fluence of 1.25 J/cm 2 and 2 J/cm 2 exhibit no essential differences in shape, shift, and relative intensities as indicated in red. The Eu 4d multiplet structure is complex and not only consists of pair of 4d 5/2 and 4d 3/2 spinorbit peaks due to the strong 4d-4f exchange interaction and a weaker spin-orbit splitting of the 4d orbitals. 23 The main peaks are centered at about E b = 127.8 eV and E b = 133.6 eV resulting from Eu 2+ and are assigned to 7 D and 9 D multiplets, 23 respectively, confirming Eu 2+ as most chemical state present in the films deposited at 1.25 J/cm 2 and 2 J/cm 2 . The fine structure of the 9 D peak was fitted with five peak-components according to the electron spectroscopic theories for rare-earths elements as described in Ref. 24 (see inset in Fig. 2(b) ). The Eu 3+ doublet slightly present in the 0.8 J/cm 2 deposited films is shifted by about 7 eV away from the Eu 2+ doublet 25 towards higher binding energies and has a higher intensity for Eu-rich films. The observable difference of the Eu-rich samples as compared to stoichiometric and Ti-rich is the presence of Eu 3+ which is most probably due to the formation of Eu 2 O 3 on the film surface after the excess of EuO was exposed to air. Indeed, unprotected EuO is known to rapidly oxidize in air if prepared without a protecting capping layer, thus resulting in an extra amount of Eu 3+ . 23 Taking into account that XPS Ti 2p spectra (not shown) correspond to Ti 4+ state without exceptions for all the samples and electron charge balance affects only Eu ions, the first probable scenario for secondary phase Eu 
where the first summand of the left side corresponds to the uncompensated as-deposited film which is exposed to O 2 (second summand) and the second summand of the right side corresponds to a secondary phase which forms due to charge compensation mechanism. A second possible scenario for the Eu 3+ -enrichment can be the accommodation of Ti vacancies in the perovskite structure. Assuming Ti vacancies formation in ETO as a similar process during the growth of Sr-rich SrTiO 3 at low laser fluencies, 26 Ti vacancies have to be compensated by Eu ions in higher oxidation state like Eu 3+ . Fig. 3(a) represents the typical surface morphology of films deposited at 0.8 J/cm 2 laser fluence. A terrace structure can hardly be discerned and rod-like nanocrystallites are present with length up to 500 nm and height of 5-6 nm. From the XPS data these nanorods possibly consist of Eu 2 O 3 containing phases nominally having an excess of Eu 3+ . Fig. 3(b) represents the typical surface morphology of films deposited at 1.25 J/cm 2 . The surface shows terraces corresponding to the vicinal angle of the substrate with steps of heights 1-2 ETO unit cells (0.39 nm). Fig. 3(c) represents the typical surface morphology of films deposited at 2 J/cm 2 . The surface exhibits round shaped islands with diameters of about 50 nm and heights of about a 1-1.5 nm. These islands are probably TiO 2 precipitations which -as known from some studies on STO films -grow in a round shaped manner. 28 Similar diffraction patterns are obtained for La-doped ETO films with the weaker thickness fringes only for thinner (10 u.c.) films deposited at 0.8 J/cm 2 . The presence of the fringes indicates that all films have good crystallinity despite the fact of 3D growth for Eu-rich films. The film thicknesses calculated from the distance between the Kiessig fringes are presented in Table I and are in agreement with those estimated from the RHEED oscillations of the specular spot, Fig. 1 . The out-of-plane lattice parameters for all the films are presented in Fig. 4(b) . It can be seen that Eu-and Ti-rich films show an increase of the out-of-plane lattice constant. This feature reminds of similar findings on Sr-and Ti-rich STO films. 29 All the deposited films exhibit electrical charge transport with a resistivity of 1 cm for nominally stoichiometric film of EuTiO 3−δ which is in agreement with Takahashi, 1 however our Ladoped stoichiometric films are of bit higher resistivity than reported. Eu-rich films have systematically higher resistivity than stoichiometric and Ti-rich films with the only exception for nominally undoped ETO films, when resistivity of Eu-rich film is twice lower than doped and Ti-rich films. The carrier concentrations of electrons in the films are all in the range of (2-5) × 10 19 cm −3 with 2.7 × 10 19 cm −3 for EuTiO 3−δ confirming that electrical conductivity is most probably determined by partial oxygen pressure during the growth and thus induced oxygen vacancies. Considering the amount of oxygen vacancies and amount of their induced electrons constant for stoichiometric films, the carrier concentrations of 5% and 3% doped stoichiometric films should give 1.66 ratio which is in agreement with 1.75 calculated from Hall measurements taking into account 2.7 × 10 19 cm −3
electrons induced by oxygen vacancies. The electron Hall mobility is systematically higher for stoichiometric films and decreased due to lattice imperfections and/or secondary phases on top of the films. While doping with La in general decreases resistivity and increases the mobility of the charge carriers, reaching 1.67 cm 2 /V s for stoichiometric E 0.95 La 0.05 TiO 3−δ , Fig. 5 .
